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1
METHOD OF GROWING NITRIDE
SEMICONDUCTOR LAYER AND NITRIDE
SEMICONDUCTOR FORMED BY THE SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of Korean Patent Appli-
cation No. 10-2013-0119447, filed on Oct. 7, 2013, in the
Korean Intellectual Property Office, the disclosure of which is
incorporated herein in its entirety by reference.

BACKGROUND

1. Field

Some example embodiments relate to methods of growing
a nitride semiconductor layer and/or a nitride semiconductor
formed by using the same, and more particularly, to methods
of growing a nitride semiconductor layer and/or a nitride
semiconductor formed by using the same.

2. Description of the Related Art

An electronic industry that uses a nitride semiconductor
draws attention as a field that accords with the development
and growth of green industries. In particular, gallium nitride
(GaN) semiconductor, which is one of a nitride semiconduc-
tor, is widely used in light-emitting diode (LED) display
devices and backlights. Also, due to lower power consump-
tion and longer lifetime than light bulbs and fluorescent lamps
of the related art, the usage of LEDs is expanding to general
illumination purposes by replacing incandescent bulbs and
fluorescent lamps. Of red, green, and blue light-emitting
diodes, GaN is widely used for manufacturing a blue light-
emitting diode, which is a core diode of high output electronic
parts that include LEDs. This is because a blue light-emitting
diode that uses GaN has superior brightness, lifetime, and
internal quantum efficiency to those of zinc selenide (ZnSe),
which is a conventional semiconductor material of a light-
emitting diode that emits light in a blue light range. Also, GaN
has a direct transitional band gap structure and a band gap that
can be controlled to alevel 0f 1.9-6.2 eV through an alloy with
In (Indium) or Al (Aluminum), and thus, GaN may be used for
manufacturing semiconductor layers that emit green, blue,
and white lights. That is, since an emitted wavelength can be
controlled by controlling the band gap, the characteristics of
GaN may be adjusted according to the characteristics of a
specific device.

For example, since a white LED that can replace a blue
light LED and incandescent bulbs that are useful for optical
recording may be manufactured by using GaN, GaN has a
very high value for use in an optical device. Also, since GaN
has a high breakdown voltage and is stable at a high tempera-
ture, GaN is useful in various fields such as high output
devices or high temperature devices that cannot be formed by
other materials. For example, GaN may be applied to a large
display panel that uses a full color display, a signal lamp, a
light source of optical recording media, or a high output
transistor of motor vehicles.

SUMMARY

Some example embodiments provide methods of growing
a nitride semiconductor layer and/or a nitride semiconductor
formed using the same method. The methods of growing a
nitride semiconductor layer reduce cracks that may occur due
to a lattice constant difference and a thermal expansion coef-
ficient difference between a hetero-substrate and the nitride
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semiconductor layer, and the hetero-substrate may be formed
of a different material than that used to form the nitride
semiconductor layer.

Additional aspects will be set forth in part in the description
which follows and, in part, will be apparent from the descrip-
tion, or may be learned by practice of the presented embodi-
ments.

According to an example embodiment of the inventive
concepts, a method of growing a nitride semiconductor layer
includes forming a plurality of nano-structures on a substrate,
forming a first buffer layer on the substrate such that upper
portions of each of the nano-structures are exposed, removing
the nano-structures to form voids in the first buffer layer, and
growing a nitride semiconductor layer on the first buffer layer
including the voids.

The plurality of nano-structures may be formed using a
spin coating method. The plurality of nano-structures may be
formed to have a size in a range from about 100 nm to about
500 nm. The plurality of nano-structures may include an
oxide. The plurality of nano-structures may include at least
one of SO,, T10,, $-Ga,0;, Ta,05, and RuO,. The first buffer
layer may have a thickness that is smaller than that of the
nano-structures. The first buffer layer may be formed under
an inert gas atmosphere.

Removing the nano-structures may expose the nano-struc-
tures in a hydrogen (H,) gas atmosphere. The voids may have
a size in a range from about 100 nm to about 500 nm. The
voids may be arranged in one of a single layer and a double
layer. The first buffer layer may include at least one of ZnO,
BN, AIN, GaN, and AlGaN.

The method may further include forming a second buffer
layer on the substrate before forming the plurality of nano-
structures. The second buffer layer may include at least one of
Zn0O, BN, AIN, GaN, and AlGaN. The first buffer layer and
the second buffer layer may be formed of one of a same
material and different materials. The substrate may be one of
a sapphire substrate, a silicon substrate, and a silicon carbide
substrate. The method may further include removing at least
one of the substrate and the first buffer layer.

According to another example embodiment of the inven-
tive concepts, a nitride semiconductor includes the nitride
semiconductor layer that is grown using the method described
above.

According to another example embodiment of the inven-
tive concepts, a method of growing a nitride semiconductor
layer includes forming at least one buffer layer on a substrate
such that upper portions of a plurality of first nano-structures
on the substrate are exposed, removing the first nano-struc-
tures to form first voids in the buffer layer, and growing a
nitride semiconductor layer on the buffer layer.

The first voids have a size in a range from about 100 nm to
about 500 nm. Forming the at least one buffer layer may
include forming a first buffer layer on the substrate, and
forming a second buffer layer on the first buffer layer, wherein
the first nano-structures may be formed on the first buffer
layer. Prior to growing the nitride semiconductor layer, the
method may further include forming a third buffer layer on
the second buffer layer, forming a plurality of second nano-
structures on the third buffer layer, forming a fourth buffer
layer on the third buffer layer such that upper portions of each
of'the second nano-structures are exposed, and removing the
second nano-structures to form second voids in the fourth
buffer layer.

Inthe method of growing a nitride semiconductor layer and
a nitride semiconductor manufactured using the method
according to an example embodiment of the inventive con-
cepts, voids may be formed in the buffer layer by a simple
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method without performing an additional mask process.
Through the voids, stress that occurs in a method of growing
the nitride semiconductor layer may be mitigated, and thus,
the occurrence of cracks in the nitride semiconductor layer
may be reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects will become apparent and more
readily appreciated from the following description of the
embodiments, taken in conjunction with the accompanying
drawings in which:

FIG. 1 is a scanning electron microscope (SEM) image of
a nitride semiconductor layer grown on a buffer layer of a
related art;

FIG. 2 is a schematic cross-sectional view of a nitride
semiconductor according to an example embodiment of the
inventive concepts;

FIG. 3 is a schematic cross-sectional view of a nitride
semiconductor according to another example embodiment of
the inventive concepts;

FIG. 4 is a schematic cross-sectional view of a nitride
semiconductor according to another example embodiment of
the inventive concepts;

FIG. 5 is a schematic cross-sectional view of a nitride
semiconductor according to another example embodiment of
the inventive concepts;

FIGS. 6A through 6D are schematic cross-sectional views
showing a method of growing the nitride semiconductor layer
depicted in FIG. 2, according to an example embodiment of
the inventive concepts;

FIG. 7 is an SEM image of a plurality of nano-structures
formed on a substrate by using a spin coating method;

FIG. 8 is an SEM image of an actual nitride semiconductor
that is grown through the processes FIGS. 6 A through 6D;

FIGS. 9A through 9D are schematic cross-sectional views
showing a method of growing the nitride semiconductor layer
depicted in FIG. 3, according to another example embodi-
ment of the inventive concepts; and

FIGS. 10A through 10H are schematic cross-sectional
views showing a method of growing the nitride semiconduc-
tor layer depicted in FIG. 4, according to an example embodi-
ment of the inventive concepts.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments,
examples of which are illustrated in the accompanying draw-
ings, wherein like reference numerals refer to like elements
throughout and sizes of layers and thicknesses of constituent
elements may be exaggerated for convenience of explanation.
In this regard, the present embodiments may have different
forms and should not be construed as being limited to the
descriptions set forth herein. It will also be understood that
when a layer is referred to as being “on” another layer or
substrate, it can be directly on the other layer or substrate, or
intervening layers may also be present.

It will be understood that when an element is referred to as
being “connected” or “coupled” to another element, t can be
directly connected or coupled to the other element or inter-
vening elements may be present. In contrast, when an element
is referred to as being “directly connected” or “directly
coupled” to another element, there are no intervening ele-
ments present. As used herein the term “and/or” includes any
and all combinations of one or more of the associated listed
items.
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It will be understood that, although the terms “first”, “sec-
ond”, etc. may be used herein to describe various elements,
components, regions, layers and/or sections, these elements,
components, regions, layers and/or sections should not be
limited by these terms. These terms are only used to distin-
guish one element, component, region, layer or section from
another element, component, region, layer or section. Thus, a
first element, component, region, layer or section discussed
below could be termed a second element, component, region,
layer or section without departing from the teachings of
example embodiments.

Spatially relative terms, such as “beneath,” “below,”
“lower,” “above,” “upper” and the like, may be used herein for
ease of description to describe one element or feature’s rela-
tionship to another element(s) or feature(s) as illustrated in
the figures. It will be understood that the spatially relative
terms are intended to encompass different orientations of the
device in use or operation in addition to the orientation
depicted in the figures. For example, if the device in the
figures is turned over, elements described as “below” or
“beneath” other elements or features would then be oriented
“above” the other elements or features. Thus, the exemplary
term “below” can encompass both an orientation of above and
below. The device may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

The terminology used herein is for the purpose of describ-
ing exemplary embodiments only and is not intended to be
limiting of example embodiments. As used herein, the singu-
lar forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises™ and/
or “comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

Example embodiments are described herein with reference
to cross-sectional illustrations that are schematic illustrations
of idealized embodiments (and intermediate structures) of
example embodiments. As such, variations from the shapes of
the illustrations as a result, for example, of manufacturing
techniques and/or tolerances, are to be expected. Thus,
example embodiments should not be construed as limited to
the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from
manufacturing. For example, an implanted region illustrated
as a rectangle will, typically, have rounded or curved features
and/or a gradient of implant concentration at its edges rather
than a binary change from implanted to non-implanted
region. Likewise, a buried region formed by implantation
may result in some implantation in the region between the
buried region and the surface through which the implantation
takes place. Thus, the regions illustrated in the figures are
schematic in nature and their shapes are not intended to illus-
trate the actual shape of a region of a device and are not
intended to limit the scope of example embodiments.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which example embodiments belong. It will be further under-
stood that terms, such as those defined in commonly-used
dictionaries, should be interpreted as having a meaning that is
consistent with theft meaning in the context of the relevant art
and will not be interpreted in an idealized or overly formal
sense unless expressly so defined herein.

29 <.



US 9,412,588 B2

5

Asitis well known in the art, a nitride semiconductor based
on a nitride is generally realized in a thin film type having a
two dimensional structure. However, the thin film type nitride
semiconductor layer may have many defects due to a lattice
constant difference and a thermal coefficient difference
between a hetero-substrate formed of a different material than
that used to form the nitride semiconductor layer (hereinafter,
a hetero-substrate) and the nitride semiconductor layer when
the thin film type nitride semiconductor layer is epitaxially
grown on the hetero-substrate.

In order to mitigate the lattice constant difference between
the hetero-substrate and a nitride semiconductor layer, a
buffer layer may be disposed therebetween. However, simple
use of a buffer layer may not be enough to greatly reduce the
occurrence of defects. FIG. 1 is a scanning electron micro-
scope (SEM) image of a nitride semiconductor layer that
includes GaN and is grown on a buffer layer that includes
AlGaN. Referring to FIG. 1, it is seen that cracks are formed
in the nitride semiconductor layer that is grown on a hetero-
substrate even though a buffer layer is used.

Current methods of reducing a potential concentration in a
nitride semiconductor layer that are frequently used are a
lateral epitaxial overgrowth (LEO) method and a pendeo
method.

The LEO method uses a principle in which GaN does not
grow on SiO, or Si;N,. That is, the LEO method includes
forming patterns having a given (or, alternatively predeter-
mined) shape on a sapphire substrate by using SiO, or Si;N,,
and then growing a GaN epitaxial layer only on regions where
the sapphire substrate is exposed.

The pendeo method includes growing a GaN epitaxial
layer, forming a groove by etching a portion of a pattern after
forming the pattern on the GaN epitaxial layer and re-growing
a GaN epitaxial layer on a resultant structure. Both of the two
methods are methods of controlling or repressing that defects
formed at an interface between the sapphire substrate and the
GaN epitaxial layer moves to a surface of the GaN epitaxial
layer by changing the direction of dislocation, which is gen-
erated during a process of growing the GaN epitaxial layer
and is propagated to the surface, to the lateral side of the GaN
epitaxial layer.

However, the methods include complicated processes,
such as, forming a mask layer on a substrate, patterning the
mask layer, and the like. Also, in order to provide roughness
orcurves, a dry etching is mainly used, and thus, defects, such
as vacancies, impurities, residues of dry etching, or physical
damage, may occur on a surface of a semiconductor after the
dry etching, thereby reducing the efficiency of a device. Fur-
thermore, a non-stoichiometric surface is formed due to dry
etching, and thus, the reliability of the device may deteriorate
and the lifetime of the device may be reduced.

A method of growing a nitride semiconductor layer,
according to an example embodiment, and the nitride semi-
conductor layer manufactured by using the same may reduce
process cost and improve the problem of reducing reliability
of the nitride semiconductor, by forming voids in a buffer
layer and by not performing complicated processes, suchas a
process of forming a mask layer on a substrate and a process
of patterning the mask layer.

FIG. 2 is a schematic cross-sectional view of a nitride
semiconductor according to an example embodiment of the
inventive concepts. FIGS. 3 and 4 are schematic cross-sec-
tional views of a nitride semiconductor according to another
example embodiment of the inventive concepts.

Referring to FIG. 2, the nitride semiconductor according to
the current embodiment may include a substrate 1, a buffer
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layer 10 formed on the substrate 1, and a nitride semiconduc-
tor layer 20 formed on the buffer layer 10.

The substrate 1 may be hetero-substrate that is formed of a
different material than that used to form the nitride semicon-
ductor layer 20. For example, the substrate 1 may be one ofa
sapphire substrate, a silicon substrate, and a silicon carbide
substrate. The substrate 1 may be a conductive substrate.

The buffer layer 10 is formed on the substrate 1, and may
include a plurality of voids 40. Since the buffer layer 10
includes the voids 40, the buffer layer 10 may be readily
compressed when an external force is applied. This charac-
teristic may reduce stress that may occur due to a thermal
coefficient difference between the substrate 1 and the nitride
semiconductor layer 20.

The voids 40 may have a size (diameter) in a range from
about 1 nm to about 1000 nm, or in a range from about 100 nm
to about 500 nm. The size of the voids 40 may be uniform as
depicted in FIG. 2, but is not limited thereto. That is, unlike
the size depicted in the drawing, the voids 40 may have
different sizes each other or some of them may have different
sizes. The voids 40 may have various shapes, for example, the
cross-sectional shape of the voids 40 may be a circular shape,
apolygonal shape, or an oval shape. The size and shape of the
voids 40 may vary according to the size and shape of nano-
structures 41 which will be described below.

The bufter layer 10 may have a single layer structure or a
multi-layer structure. As an example of the single layer of the
buffer layer 10, the buffer layer 10 may be formed on the
substrate 1 and includes the voids 40.

As an example of the multi-layer of the bufter layer 10 (see
FIG. 3) the buffer layer 10 may include a first buffer layer 12
and a second buffer layer 11. The first buffer layer 12 may be
formed on the substrate 1, and the second buffer layer 11 may
be formed on the first buffer layer 12 and may include the
voids 40. In FIGS. 2 and 3, it is depicted that the voids 40 are
arranged in the second buftfer layer 11 as a single layer, but the
current embodiment is not limited thereto. As depicted in
FIG. 4, voids 40 and 40A may be arranged in a double layer
in the buffer layer 10. Here, the differentiation of second and
fourth buffer layers 11 and 13 and first and third buffer layers
12 and 14 is made according to whether voids 40 and 40A are
included or not.

The first buffer layer 12, the second buffer layer 11, the
third buffer layer 14, and the fourth buffer layer 13 may
include at least one of ZnO, BN, AIN, GaN, and AlGaN. The
first buffer layer 12 and the second buffer layer 11 may be
formed of the same material or different materials. The third
buffer layer 14 and the fourth buffer layer 13 may be formed
of the same material or different materials. For example, the
second buffer layer 11 may be formed of AlGaN or AIN, and
the first buffer layer 12, the third buffer layer 14, and the
fourth buffer layer 13 may be formed of GaN.

The nitride semiconductor layer 20 may be formed on the
buffer layer 10, For example, the nitride semiconductor layer
20 may be epitaxially grown. The nitride semiconductor layer
20 is a semiconductor layer based on a nitride and may
include GaN. For example, the nitride semiconductor layer 20
may be In, Al Ga,_, ., where O=x, O<y, and x+y=l.

The nitride semiconductor layer 20 may have a single layer
structure or a multi-layer structure for manufacturing an elec-
tronic device or a light-emitting device. FIG. 5 is a schematic
cross-sectional view of a nitride semiconductor according to
another example embodiment of the inventive concepts.
Referring to FIG. 5, a nitride semiconductor layer 20 may
include a first conductive GaN layer 21, an active layer 22,
and a second conductive GaN layer 23.
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The first conductive GaN layer 21 may be formed on the
buffer layer 10, and may be a GaN layer doped with a first
conductive type dopant. The first conductive type dopant may
be an n-type dopant, and may include Si, Ge, Se, and Te. The
first conductive GaN layer 21 may be grown by using a
metal-organic chemical vapor deposition (MOCVD) method,
a hydride vapor phase epitaxy (HVPE) method, or a molecu-
lar beam epitaxy (MBE) method.

The active layer 22 is disposed between the first conductive
GaN layer 21 and the second conductive GaN layer 23, and
emits light having a given (or, alternatively predetermined)
energy by recombination of electrons and holes. The active
layer 22 may be formed of a semiconductor material, such as
In, Ga,N (where 0<x<1) so that a band gap energy thereof’is
controlled according to the content of indium (In), The active
layer 22 may be a multi-quantum well (MQW) layer in which
a quantum barrier layer and a quantum well layer are alter-
nately stacked.

The second conductive GaN layer 23 is formed on the
active layer 22, and may be a GaN layer doped with a second
conductive type dopant. The second conductive type dopant
may be ap-type dopant, and may include Mg, Zn, and Be. The
second conductive GaN layer 23 may be grown by using the
MOCVD method, the HVPE method, and the MBE method.
In the current embodiment, the first conductive GaN layer 21
and the second conductive GaN layer 23 are respectively an
n-type GaN layer and a p-type GaN layer. However, the first
conductive GaN layer 21 and the second conductive GaN
layer 23 respectively may be a p-type GaN layer and an n-type
GaN layer.

FIGS. 6A through 6D are schematic cross-sectional views
showing a method of growing the nitride semiconductor layer
20 depicted in FIG. 2, according to an example embodiment
of the inventive concepts.

Referring to FIG. 6A, first, the substrate 1 is prepared, and
the nano-structures 41 are formed on the substrate 1.

The substrate 1 may be a hetero-substrate that is formed of
a different material than that of the nitride semiconductor
layer 20 to be grown. For example, the substrate 1 may be one
of a sapphire substrate, a silicon substrate, and a silicon car-
bide substrate. The substrate 1 may be a conductive substrate.

The nano-structures 41 may include an oxide. For example,
the nano-structures 41 may include at least one of SiO,, TiO,,
p-Ga,0;, Ta,Os, and RuO,.

The size (diameter) of the nano-structures 41 may be in a
range from about 1 nm to about 1000 nm, and more specifi-
cally, in a range from about 100 nm to about 500 nm. The
cross-sectional shape of the nano-structures 41 may have
various shapes, for example, a circular shape, a polygonal
shape, or an oval shape.

The nano-structures 41 may be formed on the substrate 1
by using a coating method, for example, a spin coating
method. The spin coating method is a wet process that uses a
solution in which the nano-structures 41 are dispersed in an
appropriate solvent. The arrangement of the nano-structures
41 may be controlled by controlling the concentration of the
solvent and the spin velocity, etc.

FIG. 7 is an SEM image of a plurality of nano-structures
formed on a substrate by using a spin coating method. As
depicted in FIG. 7, it is seen that, without an additional mask
process, the nano-structures 41 are arranged on the substrate
1 by a spin coating method.

Referring to FIG. 6B, the first buffer layer 10 is formed on
the substrate 1, and a portion of each of the nano-structures 41
remains exposed. Since a portion of each of the nano-struc-
tures 41 is exposed, voids 40 may be formed by removing the
nano-structures 41 in a subsequent process (refer to FIG. 6C).
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As an example of forming the first buffer layer 10 with
exposing a portion of each of the nano-structures 41, the first
buffer layer 10 may be formed to have a thickness that is
smaller than that of the nano-structures 41. Thus, the first
buffer layer 10 may expose an upper portion of each the
nano-structures 41. The first buffer layer 10 may have a thick-
ness that is equal to or greater than at least 50% of that of the
nano-structures 41. If the first buffer layer 10 has a thickness
that is smaller than 50% of that of the nano-structures 41, the
voids 40 may not be maintained when the nitride semicon-
ductor layer 20 to be formed in a subsequent process covers
the voids 40.

The first buffer layer 10 may include at least one of ZnO,
BN, AIN, GaN, and AlGaN. For example, the first buffer layer
10 may include GaN. The first buffer layer 10 may be grown
ata temperature in a range from about 800° C. to about 1100°
C.under an inert gas atmosphere. In order to make an inert gas
atmosphere, a nitrogen (N,) gas or an argon (Ar) gas may be
used. Since the first buffer layer 10 is formed under an inert
gas atmosphere, ashing of the nano-structures 41 in the pro-
cess of forming the first buffer layer 10 may be prevented or
inhibited, if the nano-structures 41 are ached in the method of
growing the first buffer layer 10, the voids 40 are not formed
in the first buffer layer 10.

Referring to FIG. 6C, the nano-structures 41 are removed
from the first buffer layer 10. The voids 40 may be formed by
removing the nano-structures 41 from the first buffer layer 10.

As amethod of removing the nano-structures 41, the nano-
structures 41 may be exposed in a hydrogen (H,) atmosphere.
For example, when the nano-structures 41 include an oxide,
the nano-structures 41 exposed in the H,, atmosphere may be
removed by a chemical reaction between the oxide and hydro-
gen.

The first buffer layer 10 from which the nano-structures 41
are removed may have voids corresponding to the nano-
structures 41. The size and shape of the voids 40 may vary
according to the size and shape of the nano-structures 41. For
example, the voids 40 may have a size in a range from about
1 nm to about 1000 nm, or in a range from about 100 nm to
about 500 nm. The size of the voids 40 may be uniform as
depicted in FIG. 6C, but the current embodiment is not lim-
ited thereto. That is, unlike the drawing, at least some of the
voids 40 may have different sizes.

Referring to FIG. 6D, the nitride semiconductor layer 20 is
formed on the first buffer layer 10 in which the voids 40 are
formed. Thus, the voids 40 are sealed from the outside. In
FIG. 6D, it is depicted for convenience of explanation that
upper surfaces of the voids 40 are flat, but the current embodi-
ment is not limited thereto.

The nitride semiconductor layer 20 may be epitaxially
grown on the first buffer layer 10 in which the voids 40 are
formed. The voids 40 may be readily compressed by external
pressure. This characteristic of the voids 40 may reduce stress
that occurs due to a thermal expansion coefficient difference
between the substrate 1 and the nitride semiconductor layer
20, for example, stress that acts on the nitride semiconductor
layer 20.

FIG. 8 is an SEM image of an actual nitride semiconductor
that is grown through the processes of FIGS. 6 A through 6D.
Referring to FIG. 8, it is confirmed that the void 40 having a
given (or, alternatively predetermined) size is formed in the
first buffer layer 10 that is formed of GaN, and the nitride
semiconductor layer 20 that includes GaN is grown without
cracks on the first buffer layer 10.

FIGS. 9A through 9D are schematic cross-sectional views
showing a method of growing the nitride semiconductor layer
20 depicted in FIG. 3, according to another example embodi-
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ment of the inventive concepts. The current embodiment is
practically the same as the embodiment described with refer-
ence to FIGS. 6A through 6D except the process of forming
the buffer layer 10. Thus, the current embodiment will be
described mainly in terms of its differences from the embodi-
ment described with reference to FIGS. 6A through 6D and
the processes described with reference to FIGS. 6 A through
6D will be omitted.

Referring to FIG. 9A, prior to forming the nano-structures
41 the first buffer layer 12 is formed on the substrate 1. The
nano-structures 41 are formed on the first buffer layer 12.
Since the nano-structures 41 are formed on the first buffer
layer 12, the nano-structures 41 may be indirectly formed on
the substrate 1.

The first buffer layer 12 may include at least one of ZnO,
BN, AIN, GaN, and AlGaN. For example, the first buffer layer
12 may include GaN. The first buffer layer 12 may be formed
by using various methods, for example, one of an MOCVD
method, an HVPE method, and an MBE method.

The first buffer layer 12 may be formed of the same mate-
rial or different materials. For example, the first buffer layer
12 may be formed of AIN or AlGaN, and the second buffer
layer 11 may be formed of GaN.

FIGS. 10A through 10H are schematic cross-sectional
views showing a method of growing the nitride semiconduc-
tor layer 20 depicted in FIG. 4, according to an example
embodiment of the inventive concepts. The current embodi-
ment is practically the same as the embodiment described
with reference to FIGS. 9A through 90 except for an addi-
tional process for arranging the voids 40 and 40A to be a
double layer. Thus, the processes described with reference to
FIGS. 9A through 9D will not be repeated.

Referring to FIG. 10D, the third buffer layer 14 is formed
on the second buffer layer 11 in which the voids 40 are
formed, and thus, the voids 40 are sealed from the outside.

The third buffer layer 14 may include at least one of ZnO,
BN, AIN, GaN, and AlGaN, For example, the third buffer
layer 14 may include GaN. The third buffer layer 14 may be
formed by using various methods, for example, one of an
MOCVD method, an HVPE method, and an MBE method.

Referring to FIG. 10E, nano-structures 41 A may be formed
on the third buffer layer 14. The nano-structures 41 A may
include an oxide. For example, the nano-structures 41A may
include at least one of SiO,, TiO,, p-Ga,0;, Ta,Os, and
RuO,.

The size (diameter) of the nano-structures 41A may beina
range from about 1 nm to about 1000 nm, or in a range from
about 100 nm to about 500 nm. The cross-sectional shape of
the nano-structures 41A may have various shapes, for
example, a circular shape, a polygonal shape, or an oval
shape. The nano-structures 41 and the nano-structures 41A
may have the same size and shape or may have different sizes
and shapes.

The nano-structures 41 A may be formed on the third buffer
layer 14 by using a coating method, for example, a spin
coating method.

Referring to FIG. 10F, the fourth buffer layer 13 is formed
on the third buffer layer 14 exposing a portion of each of the
nano-structures 41A. Since a portion of each of the nano-
structures 41A is exposed, the voids 40 A may be maintained
when the nano-structures 41A are removed in a subsequent
process.

As an example of forming the fourth buffer layer 13 expos-
ing a portion of each of the nano-structures 41A, the fourth
buffer layer 13 may be formed to have a thickness that is
smaller than that of the nano-structures 41A. Thus, the fourth
buffer layer 13 may expose an upper portion of each the
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nano-structures 41A. The fourth buffer layer 13 may have a
thickness that is equal to or greater than at least 50% of that of
the nano-structures 41A. If the fourth buffer layer 13 has a
thickness that is smaller than 50% of that of the nano-struc-
tures 41A, the voids 40A may not be maintained when the
nitride semiconductor layer 20 to be formed in a subsequent
process covers the voids 40A.

The third buffer layer 14 may include at least one of ZnO,
BN, AIN, GaN, and AlGaN. For example, the third buffer
layer 14 may include GaN. The third buffer layer 14 may be
grown at a temperature in a range from about 800° C. to about
1100° C. under an inert gas atmosphere. In order to make an
inert atmosphere, a nitrogen (N,) gas or an argon (Ar) gas
may be used. Since the third buffer layer 14 is formed under
an inert gas atmosphere, ashing of the nano-structures 41A in
the process of forming the third buffer layer 14 may be pre-
vented or inhibited. If the nano-structures 41A are asked in
the method of growing the third buffer layer 14, the voids 40A
are not formed in the third buffer layer 14.

Referring to FIG. 10G, the nano-structures 41A are
removed from the third buffer layer 14. The voids 40A may be
formed by removing the nano-structures 41A from the third
buffer layer 14.

As a method of removing the nano-structures 41A, the
nano-structures 41A may be exposed in a hydrogen (H,)
atmosphere. For example, when the nano-structures 41A
include an oxide, the nano-structures 41 A exposed in the H,
atmosphere may be removed by a chemical reaction between
the oxide and hydrogen.

The fourth buffer layer 13 from which the nano-structures
41A are removed may have the voids 40A corresponding to
the nano-structures 41 A. The size and shape of the voids 40A
may vary according to the size and shape of the nano-struc-
tures 41A. For example, the voids 40A may have a size in a
range from about 1 nm to about 1000 nm, or in a range from
about 100 nm to about 500 nm. The size of the voids 40 A may
be uniform as depicted in FIG. 10G, but the current embodi-
ment is not limited thereto. That is, unlike the drawing, at least
some of the voids 40A may have different sizes. Also, the
voids 40 in the second buffer layer 11 and the voids 40A in the
fourth buffer layer 13 may have the same size, but are not
limited thereto, that is, the sizes may differ as necessary.

Referring to FIG. 10H, the nitride semiconductor layer 20
is formed on the fourth buffer layer 13 in which the voids 40A
are formed. In this manner, the voids 40A are sealed from the
outside.

The nitride semiconductor layer 20 may be epitaxially
formed on the buffer layer 10 in which a double layer of voids
40 and 40A are formed. The voids 40 in the second buffer
layer 11 and the voids 40A in the fourth buffer layer 13 may
be further readily compressed when an external pressure is
applied. This characteristic may reduce stress that may occur
due to a thermal coefficient difference between the substrate
1 and the nitride semiconductor layer 20, that is, stress that is
applied to the nitride semiconductor layer 20 may be effec-
tively mitigated.

In the current embodiment, as an example, a double layer
of'the voids 40 and 40A is mainly described with reference to
FIGS. 10A through 10H. However, a triple layer of the voids
40 and 40A or more may be formed by repeating the process
described above.

It should be understood that example embodiments
described therein should be considered in a descriptive sense
only and not for purposes of limitation. Descriptions of fea-
tures or aspects within each embodiment should typically be
considered as available for other similar features or aspects in
other embodiments.
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While one or more example embodiments of the inventive
concepts have been described with reference to the figures, it
will be understood by those of ordinary skill in the art that
various changes in form and details may be made therein
without departing from the spirit and scope of the following
claims.

What is claimed is:

1. A method of growing a nitride semiconductor layer, the
method comprising:

forming a plurality of nano-structures on a substrate;

forming a first buffer layer on the substrate such that upper

portions of each of the nano-structures are exposed;
removing the nano-structures to form voids in the first
buffer layer; and

growing a nitride semiconductor layer on a top surface of

the first buffer layer such that the voids are surrounded
laterally by the first buffer layer.

2. The method of claim 1, wherein the forming a plurality
of nano-structures forms the nano-structures using a spin
coating method.

3. The method of claim 1, wherein the forming a plurality
of nano-structures forms the nano-structures to have a size in
a range from about 100 nm to about 500 nm.

4. The method of claim 1, wherein the forming a plurality
of nano-structures forms the nano-structures including an
oxide.

5. The method of claim 4, wherein the forming a plurality
of nano-structures forms the nano-structures including at
least one of Si0O,, TiO,, p-Ga,0;, Ta,05, and RuO,.

6. The method of claim 1, wherein the forming a first buffer
layer forms the first buffer layer having a thickness that is
smaller than that of the nano-structures.

7. The method of claim 1, wherein the forming a first buffer
layer forms the first buffer layer under an inert gas atmo-
sphere.

8. The method of claim 1, wherein the removing the nano-
structures exposes the nano-structures in a hydrogen (H,) gas
atmosphere.

9. The method of claim 1, wherein the removing the nano-
structures forms the voids to have a size in a range from about
100 nm to about 500 nm.

10. The method of claim 1, wherein the removing the
nano-structures forms the voids to be arranged in one of a
single layer and a double layer.

11. The method of claim 1, wherein the forming a first
buffer layer forms the first buffer layer including at least one
of ZnO, BN, AIN, GaN, and AlGaN.
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12. The method of claim 1, further comprising:

forming a second buffer layer on the substrate before the

forming a plurality of nano-structures.

13. The method of claim 12, wherein the forming a second
buffer layer forms the second buffer layer including at least
one of ZnO, BN, AIN, GaN, and AlGaN.

14. The method of claim 13, wherein the first buffer layer
and the second buffer layer are formed of one of a same
material and different materials.

15. The method of claim 1, wherein the substrate is one of
a sapphire substrate, a silicon substrate, and a silicon carbide
substrate.

16. The method of claim 1, further comprising:

removing at least one of the substrate and the first buffer

layer.

17. A method of growing a nitride semiconductor layer, the
method comprising:

forming at least one buffer layer on a substrate such that

upper portions of a plurality of first nano-structures on
the substrate are exposed;

removing the first nano-structures to form first voids in the

buffer layer; and

growing a nitride semiconductor layer on a top surface of

the buffer layer such that the first voids are surrounded
laterally by the buffer layer.

18. The method of claim 17, wherein the removing the first
nano-structures forms the first voids to have a size in a range
from about 100 nm to about 500 nm.

19. The method of claim 17, wherein the forming at least
one buffer layer comprises:

forming a first buffer layer on the substrate; and

forming a second buffer layer on the first buffer layer,

wherein the first nano-structures are formed on the first

buffer layer.

20. The method of claim 19, prior to the growing a nitride
semiconductor layer, further comprising:

forming a third buffer layer on the second buffer layer;

forming a plurality of second nano-structures on the third

buffer layer;

forming a fourth buffer layer on the third buffer layer such

that upper portions of each of the second nano-structures
are exposed; and

removing the second nano-structures to form second voids

in the fourth bufter layer.
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